Abstract: Fish assemblages in small lakes (£50 ha) in central Ontario were characterized to determine the impact of smallmouth bass (Micropterus dolomieu) predation and habitat complexity on the structure of littoral zone fish assemblages. Data were collected employing minnow traps and visual assessment. Although species richness did not differ between lakes with and without smallmouth bass, species composition and relative abundance did differ. We identified two distinct fish assemblage types: one characterized by small-bodied species, mainly cyprinids, and a second by largebodied centrarchid species, e.g., smallmouth bass. Smallmouth bass appear to reduce abundance, alter habitat use, and extirpate many small-bodied species such as brook stickleback (Culaea inconstans), fathead minnow (Pimephales promelas), pearl dace (Margariscus margarita), and Phoxinus spp.
Introduction
Human-induced environmental disturbances have led to the alteration of species distributions around the world. Concern about the introduction of nonnative species into aquatic ecosystems has led to a growing concern regarding the loss of native fish biodiversity (Chapleau et al. 1997) . Most fish introductions, whether intentional or unintentional, have negative effects on native fishes and other taxa through predation, competition, hybridization, and introduction of diseases (Allendorf 1991) and possibly habitat alteration, trophic alterations, and gene pool deterioration (Crossman 1991) .
Temperate lakes contain fish communities whose composition and richness are shaped by a number of biotic and abiotic factors, and piscivory appears to be one of the major factors contributing to community structure (Tonn and Magnuson 1982) . Piscivores alter small-fish assemblage composition in small boreal lakes by excluding predationintolerant species (Harvey 1981; Tonn and Magnuson 1982) among other effects. Because piscivores are size-selective and gape-limited (Tonn and Paszkowski 1986; Post and Evans 1989) , small fishes are generally more vulnerable to predation than large fish (Tonn et al. 1992) , although it may be a combination of size and morphology that determines risk to predation (He and Kitchell 1990 . These small-bodied species could potentially be eliminated from a lake if local predators are able to eat all size classes (Tonn et al. 1992) . Therefore, small-bodied species are often reduced in richness (Jackson 1988) or absent from small lakes containing littoral piscivores (Harvey 1981; Tonn and Magnuson 1982; Jackson et al. 1992) . Vulnerable species vary by lake but studies have shown certain small-bodied species to be particularly susceptible to piscivorous fish predation (Jackson 1988; Naud and Magnan 1988; He and Wright 1992) . Recruitment of larger-bodied species may be regulated by piscivores but these species would not likely be eliminated from lakes if adults attained a size large enough to escape predation (Tonn et al. 1992) .
It is generally accepted that complex habitats are safer for prey than more open habitats (Crowder and Cooper 1982) . Complex habitats provide greater amounts of refuge for fish, refuge being defined as a physical location where the prey can live or temporarily hide to live (McNair 1986) . However, more open habitats can be more profitable for resources than complex habitats (Werner et al. 1983 ). The trade-off between resource availability and predation risk determines the habitat use patterns of fish (Mittlebach 1981; Werner et al. 1981; Crowder and Cooper 1982) , and species have been shown to reduce the risk of predation by finding refuge at the expense of foraging efficiency (Phelan and Baker 1992) .
Piscivorous fishes have the ability to influence the distribution of their prey, which may alter the feeding habits of the prey by constraining their feeding space or time, preventing their colonization of habitats or causing them to emigrate, which all may ultimately reduce their numbers (Power et al. 1985; Jackson et al. 2001 ). Tonn and Magnuson (1982) describe the distinction of lakes dominated by large piscivores verses Umbra-cyprinid species, where the small bodied species were either rare or absent from lakes with large piscivores. Many fish populations have been eliminated, in large part, because of predation (Zaret and Paine 1973) .
Knowing the importance of complex habitat as refuge, we recognize the need to protect these fish habitats. However, with the continued development of lakes, there is an increasing trend to remove important fish habitat components such as woody debris and macrophytes. Lake development is coupled with the alteration of shoreline fish habitat. Developed lakes, those lakes influenced by human land use, have less woody habitat than undeveloped lakes (Christensen et al. 1996) . Bryan and Scarnecchia (1992) compared developed and undeveloped lakes and found fish richness and abundance to be greater in undeveloped lakes, which contained a greater proportion of complex vegetation structure. Lakes undergoing shoreline development are the same lakes with high fishing pressure, making them particularly susceptible to sport fish introductions due to the increase in accessibility of the lake (Jackson et al. 2001) . As well, piscivores have been demonstrated to prosper in some developed habitats. Bryan and Scarnecchia (1992) discovered that smallmouth bass (Micropterus dolomieu) were more abundant in developed lakes compared with undeveloped lakes. Yet species, largely game species, are often introduced into lakes with little regard to their impact aside from their recreational opportunities.
In this study, we investigated the long-term impact of piscivorous fish on the littoral fish community structure of small temperate lakes. There is a long history of smallmouth bass introductions into Ontario lakes, although they are not well documented. Smallmouth bass were introduced into lakes in Algonquin Provincial Park, Ontario, beginning in the early 1900s (Christie 1957) and have been introduced into other lakes to supplement the sport fishery for native salmonids (Ridgway et al. 1991) . From these initial introductions, natural colonization of watersheds has occurred. As a result of the continued introduction of smallmouth bass, concern is being raised regarding the potential impact that they may have on indigenous species. In the absence of pre-introduction fish community data, lakes lacking piscivores can be used to assess the impact of smallmouth bass introductions on native fish communities (Chapleau et al. 1997) .
We sought to quantify the long-term impact of smallmouth bass on fish community structure by asking the following questions. Does total species richness and abundance of littoral fishes differ between lakes with and without smallmouth bass? What effect do smallmouth bass have on the use of complex and simple habitats by species vulnerable to smallmouth bass predation? Does a difference exist in the size of species vulnerable to predation between complex habitats offering refuge and those habitats of simple, more open areas in lakes with and without smallmouth bass?
Methods

Study design
This project comprised two studies. One was an intensive examination of fish assemblages in four lakes during May to September using visual assessment and trapping techniques to identify and count fish. The second, a study of 14 lakes sampled during maximum summer water temperatures, was a broader study with less intensive sampling but a larger number of lakes. Lakes chosen for this study were all £ 50 ha (mean surface area of 31 ha for lakes with smallmouth bass and 26.3 ha for lakes without smallmouth bass); secluded lakes were preferred to reduce tampering with sampling gear and other sources of disturbance by the public. Lakes chosen were divided into two groups: lakes with smallmouth bass, an introduced littoral piscivorous predator, and lakes without smallmouth bass. The dates of smallmouth bass introduction or colonization are unknown and varied among lakes.
Four lakes were sampled for fish during May through September 1998. Each lake was sampled on six different occasions, referred to as the sampling cycles (Table 1 ). This portion of the project was designated the "base study." In the larger study, 14 lakes (Table 1) were sampled for fish during mid-July through mid-August (Table 2) and designated the "summer survey." These lakes were sampled only once to increase sample size. Base study results revealed that the combination of trap and visual data for 1 day of sampling is representative of a littoral fish community (MacRae 1999). In the base study, an initial shoreline cruise was done to record relative habitat complexity of the littoral zone. Six sites were chosen per lake, three complex habitats and three simple habitats to maximize the habitat contrast. The design was to contrast habitat types with high complexity offering fish refuge versus low-complexity or simple sites offering little to no cover available to fish in order to Lake Location Area (ha) Smallmouth bass
Note: Sampling dates include cycle 1 (May 15-18), cycle 2 (May 21-26), cycle 3 (June 7-18), cycle 4 (June 28 -July 10), cycle 5 (summer survey, July 26 -August 21), and cycle 6 (September 9-13).
*Sampled repeatedly throughout the course of the summer. identify whether there are differences in habitat use by fish in the presence and absence of smallmouth bass. Complex habitats had high quantities of coarse, large woody material and (or) vegetation. Simple habitats were composed mainly of sand, gravel, rocks, and boulders, with little to no wood or vegetation. Although the degree of complexity within either category may vary across the lakes, the within-lake contrast is the relevant level of comparison. Sites were selected as evenly distributed around the lake as possible within the habitat designations. To maintain independence of sampling areas, areas were at least 60 m from one another. Visual sampling and trapping were conducted within each of the chosen sites. This methodology resulted in a stratified, randomized design (McInerny and Degan 1993; Whittier and Hughes 1998) . Through the summer survey, all sites sampled visually and by trapping were randomly chosen. Visual sampling was completed throughout the entire shoreline in small lakes (£6 ha).
Sampling protocol
All sites within lakes were swum using snorkeling gear to record presence-absence data of fish species. A total of ten 5-m transects were set 1-1.5 m from shore at a depth of 1-2.5 m at each site selected to ensure that species that may not be caught in minnow traps due to species selectivity and bias would be included in the presence-absence data. Lakes were then sampled with 18 baited minnow traps to assess the relative abundance of the fish assemblage. These were commercially available Gee minnow traps with an opening diameter of 2-3 cm. Traps were baited with a dry cereal based dog kibble and were set near the shoreline at depths ranging from 0.5 to 2 m. Traps were set over night and collected in the morning, after about 16 h of sampling. Fish collected were counted and identified to species (Table 2) . Minnow traps were shown to provide a good estimate of the littoral fish communities based on comparisons with other sampling protocols and known community composition (MacRae 1999). Subsamples of a maximum of 25 individuals of each species were chosen as encountered and total length was measured. Only small-bodied species, e.g., cyprinids, and the young of larger species were collected in minnow traps due to size selection of traps. However, it is these small species, as well as the young-of the-year from other larger-bodied species, that are most vulnerable to smallmouth bass predation.
Statistical analysis
Relative abundance estimates of fish data were derived from mean catch per unit effort (XCPUE) of fish collected from minnow traps. XCPUE estimates of species relative abundance were compared for each species between lakes with and without smallmouth bass, and length of fish and mean total length per species were compared between habitat types. Comparisons employed a t test assuming unequal variance. A one-way test was employed for vulnerable species because an assumption of distribution was apparent, while all other species were compared using a two-way distribution test. Combined results from individual species comparisons were tested using the combined probabilities test (Sokal and Rohlf 1995) and a binomial test of trends in species abundance between habitats.
Correspondence analysis (e.g., Jackson and Harvey 1989) was used to summarize the underlying composition of fish communities and lake similarity and to graphically demonstrate the separation of species-lake relationships characterized in this study. Species and lakes positioned in similar ordination space represent species-lake associations that occur together more frequently than would be expected if species were randomly distributed across the lakes. Correspondence analysis results are presented for the summer survey using presence-absence data and relative abundance estimates (XCPUE). Species caught or observed only once in a single lake were excluded.
Results
Eighteen species were sampled from these lakes during the base study and summer survey combined and include Lakes and species are ordered as they appear along the first axis in the correspondence analysis ( Fig. 1) to show the pattern in species assemblages. See Table 1 for lake name abbreviations.
*Piscivorous species previously found in the lake (e.g., Jackson 1988) but not captured during this study. Table 2 . Presence (1) -absence (empty cell) data from the combined sampling using minnow traps and visual sampling from Ontario lakes.
those species caught in minnow traps or observed in visual samples. Brook trout (Salvelinus fontinalis), lake trout (Salvelinus namaycush), and splake (S. fontinalis × S. namaycush) have been captured in these lakes in previous studies using other types of sampling gear (Table 2) . These salmonids inhabit cool or cold water during the summer months and would not be expected in the warm littoral zone due to high temperature. Two species occurred in only one lake; burbot (Lota lota) and Iowa darter (Etheostoma exile) were found in Sproule Lake. Largemouth bass (Micropterus salmoides) was found in only two lakes, Wren Lake and Little Wren Lake, that are connected by a short watercourse. Only young-of-the-year were found in both lakes, and largemouth bass were not found during previous surveys (Jackson 1988) but were known to be in nearby lakes. They may have colonized or been introduced into these two lakes since that sampling.
In the base study, species richness did not differ between lakes with and without smallmouth bass. However, reductions in abundance or the absence of small-bodied species, including blacknose shiner (Notropis heterolepis), bluntnose minnow (Pimephales notatus), pearl dace (Margariscus margarita), and Phoxinus spp. (northern redbelly dace (Phoxinus eos) and (or) finescale dace (Phoxinus neogaeus)), were observed in lakes with smallmouth bass. Abundance estimates for fish between base study lakes or habitat types were not compared statistically due to low sample size (four lakes). From the 14 lakes sampled in July through August, no significant difference in species richness between lakes with and without smallmouth bass was observed (Mann-Whitney U = 22, p = 0.75). However, species most vulnerable to predation were absent from lakes with smallmouth bass. Species absent or lower in abundance in lakes with smallmouth bass include the fathead minnow (Pimephales promelas) (p = 0.01), Phoxinus spp. (p = 0.03), brook stickleback (Culaea inconstans) (p = 0.08), and blacknose shiner (p = 0.09) ( Table 3 ). An overall significance test showed a greater abundance of vulnerable species in lakes without smallmouth bass (c 2 12 = 33.31, p = 0.001; binomial distribution test (BNMDT), p = 0.01) (Table 4a) relative to those lakes with smallmouth bass. A comparison of all other species in lakes showed mostly increased but nonsignificant trends in species abundance in smallmouth bass lakes compared with those lakes without smallmouth bass (Table 3) (Table 4a ). Although species richness did not differ between lakes with and without smallmouth bass, their species compositions were distinct. Lakes with smallmouth bass contained 2.3 fewer small-bodied species, on average, than lakes without smallmouth bass.
Results did not reveal significant differences in species abundance between habitat types; however, comparisons of abundance estimates between habitat types showed a greater abundance of vulnerable species in complex over simple habitats where subject to smallmouth bass predation. While no significant difference in abundance of fish between habitats was found (c 2 4 = 5.70, p = 0.22; BNMDT, p = 0.25; nonsignificance is due to low sample size (n = 2)) (Table 4b), low sample size and statistical power is due to the fact that four of the six vulnerable species, brook stickleback, fathead minnow, pearl dace, and Phoxinus spp., were absent from all summer survey lakes containing smallmouth bass. This situation results from these species often being unable to persist in lakes with smallmouth bass; however, not all lakes without bass contain all of these small-bodied species. Most other species also showed a trend of greater abundance in complex over simple habitats in lakes with smallmouth bass ( nonvulnerable species in complex habitats relative to simple habitats in lakes with smallmouth bass.
A comparison of abundance estimates between complex and simple habitats in lakes without smallmouth bass showed reduced abundance of vulnerable species in the complex habitats (Table 5) . Combined probability and binomial distribution tests reveal a greater abundance of vulnerable species in simple habitats (c 
Length data
Minnow traps are size selective given their limited size of the opening; however, those species considered vulnerable to smallmouth bass predation would not be limited by the trap's opening. No clear trends existed in the size of these fish in the two habitats of the lakes with and without smallmouth bass in the base study. Overall, significance tests revealed that total length of fish, mean total length per species across species, did not differ between habitats in lakes with and without smallmouth bass (Heron Lake: (Table 4c ). The summer survey revealed no trend for total length of species in the two habitats in lakes subject to smallmouth bass predation (c 2 12 = 11.57, p = 0.48; BNMDT, p = 0.09) (Table 4d ). There was no significant difference in total length of all species between habitats in lakes without smallmouth bass (c 
Species-lake relationships
Presence-absence data
Correspondence analysis revealed a separation of lakes with and without smallmouth bass along the first axis (Fig. 1) . Base lakes, Sproule Lake and Sunday Lake, were together and were separated from other lakes along the first and second axis by rare species (brown bullhead (Ameiurus nebulosus), Iowa darter, and pearl dace). Lakes with smallmouth bass were positioned at coordinates similar to the larger centrarchid species, whereas lakes without smallmouth bass were closely associated with small-bodied species, mainly cyprinids and brook stickleback (Fig. 1) . Species close to the origin (e.g., common shiner (Luxilus cornutus), creek chub (Semotilus atromaculatus), pumpkinseed (Lepomis gibbosus), and yellow perch (Perca flavescens)) were common species and (or) were found in most lakes regardless of the presence or absence of smallmouth bass. Species positioned at the far left end of axis 1 (e.g., brook stickleback, fathead minnow, Phoxinus spp.) were found frequently in the same lakes. This group of species was positioned separately from the group containing smallmouth bass, largemouth bass, and rock bass (Ambloplites rupestris), indicating that these two groups of species were not found in the same lakes. Blacknose shiner and bluntnose minnow were positioned between lakes with and without smallmouth bass and showed little affinity towards being in lakes either with or without smallmouth bass.
Relative abundance data (XCPUE)
Correspondence analysis employing XCPUE data showed results similar to those of the presence-absence plot. Lakes with and without smallmouth bass were separated along the first axis (Fig. 2) . Sproule Lake and Sunday Lake were positioned closer to Heron Lake and Kearney Lake, base lakes with smallmouth bass, due to high trap catches of blacknose shiner and common shiner in all of these lakes. Larger centrarchids were grouped together as were the lakes containing them, whereas small-bodied and rare species were associated with lakes without smallmouth bass. Four groups of species were identified. The first, mainly cyprinids, was associated with lakes without smallmouth bass and was Table 4 . Overall tests of significance (c 2 and binomial test) for differences (a) in relative abundance between lakes with and without smallmouth bass, (b) in relative abundance between habitats for both vulnerable species and all other species, (c) in total length of species between habitats in the base lakes, and (d) in total length of species between habitats in lakes with and without smallmouth bass.
positioned at the left end of axis 1. The second group (e.g., creek chub and common shiner), a group of common species, was associated with the base lakes studied. The third group consisted of smallmouth bass and yellow perch, and the final group comprising other centrarchid species was associated with summer survey lakes containing smallmouth bass. Blacknose shiner and bluntnose minnow were positioned closer to the lakes without smallmouth bass compared with the presence-absence ordination (Fig. 1) , indicating that although they were sometimes found with smallmouth bass, they were more abundant in lakes without smallmouth bass. Clearly, lakes characterized by centrarchids were separated from those with cyprinids and brook stickleback.
Discussion
An average of 5.4 fish species were found in the littoral zone and did not differ between lakes with and without piscivorous smallmouth bass. However, the fish community structure differed. Lakes with smallmouth bass had an average of 2.3 fewer small-bodied species compared with lakes without smallmouth bass. We identified two distinct fish assemblages, one characterized by a group of cyprinid species and brook stickleback and the other by large-bodied centrarchid species. The most apparent difference between the two assemblage types was the strong negative relationship between centrarchid assemblage and the brook stickleback -fathead minnow -Phoxinus spp. assemblage.
Piscivores alter small fish assemblage composition in small boreal lakes by excluding predation-intolerant species (Harvey 1981; Tonn and Magnuson 1982 ) through predation and (or) emigration of the small fish (He and Kitchell 1990) . While our study showed clear separation of fish assemblage types between those lakes composed of large centrarchid species and those containing mainly small-bodied species, we also showed a trend in habitat use by small fishes in these lakes where smallmouth bass were present. This distinction of lakes containing or lacking smallmouth bass is apparent, although other piscivorous species, i.e., salmonids, present in these lakes do not show such relationships with the small-bodied species. Summer thermal characteristics would separate the vulnerable species from the salmonids, thereby minimizing the predation effect during the periods of reproduction and greatest activity and growth for the small species. However, effects similar to the contrast between smallmouth bass and no smallmouth bass should be found with other strong littoral predators, e.g., northern pike (Esox lucius), but they were not present in these lakes. Results from our study indicate predation by smallmouth bass as being the most parsimonious explanation for the observed differences in richness of vulnerable species and overall differences in composition between lakes with and without smallmouth bass. Although these results are observational rather than manipulative, the evidence strongly supports predation as the primary factor causing the difference in the species composition in lakes. These results are comparable with those of other studies, including He and Kitchell (1990) and Chapleau et al. (1997) .
We found that species vulnerable to predation in lakes without smallmouth bass were often more abundant relative Table 2 for species abbreviations.
to populations in lakes with smallmouth bass, whereas most other species showed no clear trend in the abundance between these same lakes. Exclusion or reduction in abundance of species was limited to small-bodied species, whereas larger-bodied species (e.g., creek chub, yellow perch, and white sucker (Catostomus commersoni)) often coexisted with smallmouth bass populations. Blacknose shiner and bluntnose minnow, while often coexisting with smallmouth bass, were more abundant in lakes without smallmouth bass. Thus, predation by smallmouth bass has a greater influence on small-bodied species than on largebodied species. This is consistent with He and Wright (1992) , who observed a shift in community composition from smallbodied, soft-rayed species to large or deep-bodied species with spines following the introduction of northern pike.
Species subject to predation often seek refuge in structurally complex habitats (Crowder and Cooper 1982; McNair 1986) . Although no statistically significant difference was found in habitat use of small-bodied species in lakes with smallmouth bass, a trend of greater abundance in complex habitat was observed. The fact that four of the six species considered vulnerable to smallmouth bass predation did not Table 2 for species abbreviations. coexist with smallmouth bass limited the statistical power of this comparison. The complete absence of these species suggests that the lake conditions and habitat are insufficient to allow coexistence with smallmouth bass. In swimming all lakes, it was apparent that blacknose shiner and bluntnose minnow use the complex habitat to a greater degree than the simple habitat during the day. It is possible that these species take advantage of diel peaks in piscivore activity and feed in simple habitats during low light levels while the predators are less active (Naud and Magnan 1988) . This would explain why traps were able to catch these smallbodied species when set overnight. However, these same species, when not subject to predation, do not confine themselves to complex habitats but occupy the entire littoral zone. Moreover, these same fish are often more abundant in simple rather than complex habitats. These results are consistent with other studies suggesting that high densities of vegetation and coarse and large woody structures offer refuge for small fish from predation (Crowder and Cooper 1982; Eklöv 1997 ). Fish will capitalize on resources throughout the lake where feasible, as restricting their foraging to only complex habitats would increase intra-and interspecific competition. This factor explains why we see vulnerable species more evenly dispersed between habitat types in lakes not influenced by smallmouth bass predation. Fish restricted to complex habitat may be unable to move between complex habitat patches to decrease intra-and inter-specific competition (Persson and Greenberg 1990) . This implies that fish should use a greater range of habitats within the lakes; however, in lakes containing smallmouth bass, we see that the small-bodied species are reduced in their abundance, confined largely to the complex habitats, or simply not present.
From these results, we conclude that fish are choosing complex habitat to avoid predation because fish in lakes without smallmouth bass use both complex and simple habitat types. Presumably, those fish in simple habitats in lakes without smallmouth bass are taking advantage of additional food resources. In our small lakes, there is a negative relationship between the size of fish and structural complexity when fish are faced with predation. This indicates that smaller fish that are restricted to highly complex habitats would experience increased competition and less profitable foraging, whereas larger individuals of the same species are less prone to predation and can capitalize on other available resources in less complex habitats.
Our results highlight the importance of structural complexity as a habitat requirement of many littoral fishes, especially in the presence of littoral predators. Therefore, littoral habitat is particularly critical in lakes susceptible to fish introductions. Most species introductions occur in lakes with the most human activity (those containing cottages). These are the same lakes where cottage owners often remove both macrophytes and woody materials for a desired beach-like shoreline. Christensen et al. (1996) found that developed lakes with shoreline residences have lower densities of coarse woody debris compared with undeveloped lakes. Removal of such physical structures is known to have negative impacts on species composition and abundance of fish, benthos, and plankton communities in both freshwater and marine habitats (e.g., Poe et al. 1986; Everett and Ruiz 1993) . Therefore, it is important to recognize the potential risk of local extinction and reduced species richness in developed lakes due to the combined stresses of predation pressure and lack of structured habitat.
Because the predation effect of smallmouth bass is so strong, presence-absence data provide valuable information pertaining to species-lake associations and are appropriate for most study objectives. However, relative abundance and length estimates may provide additional information on changes in species-lake relationships. Results of our study suggest that the introduction of smallmouth bass and other littoral piscivores to small lakes will lead to the marked reduction or elimination of those species most vulnerable to predation. Therefore, priorities should be identified for small lakes composed mainly of native, small-bodied species or diverse cyprinid communities and efforts be made to prevent the introduction of piscivores into these lakes and the alteration or homogenization of both lake habitat and fish communities.
